Abstract-Sawtooth patterns in the I−V curves of superlattices result from the bistability induced by the negative differential resistance of the local J−F curve. This behavior has been extensively studied in weakly coupled superlattices from a transport point of view. In this paper, we show that the sawtooth patterns not only affect the dark current but also the noise and responsivity properties of a quantum well infrared photodetector. Their impact on the imaging properties of the detector is also quantified.
I. INTRODUCTION
S UPERLATTICES, made from III-V heterostructures, gave birth to a large range of new transport phenomena [1] . In particular, negative differential resistance [2] , [3] (NDR) comes out in weakly coupled structures through the presence of sawtooth patterns in the device I −V curve. This behavior has been extensively studied both experimentally [3] , [4] and theoretically [5] , [6] . These oscillations can be used for the realization of oscillators in the GHz range [7] or can lead to a chaotic evolution [8] . The interested reader can refer to the review of Wacker's [9] or Bonilla and Grahn's [10] review for much more details.
These superlattices have been used for infrared photodetection and are identified as quantum well infrared photodetectors (QWIP). When QWIP are dedicated to very low photon flux detection it may be interesting to operate them at low temperature where the dark current is limited by the tunneling process through the inter-well barrier. In this case, QWIP behave as an ultra-weakly coupled superlattice (i.e. mini-bandwidth is in the neV to μeV range). Observation of sawtooth patterns in the dark I −V curves of QWIP is already well established [11] . Here we investigate the effect of the sawtooth patterns on the response and noise of the QWIP. Finally we draw conclusions on the ability of QWIP to operate in this regime. 
II. EXPERIMENTAL SECTION
GaAs/Al x Ga 1−x As QWIP have been grown by molecular beam epitaxy. Sample S 1 (S 2 ) which will be studied in this paper has 4.8nm wells and 20nm (15nm) barriers. Barriers include 26% aluminum. The forty periods are silicon doped, at a 2 × 10 11 cm −2 level, into the well. The peak wavelength of the structure is 8.4 μm. The structure is then processed into mesas. We address also the effect of changing the detection wavelength on the sawtooth pattern with a 17μm peak wavelength devices S 3 and S 4 (8nm well, 40nm barrier, 12.5% of aluminum). The samples differ by the doping level: 2 × 10 11 cm −2 for S 3 and 4 × 10 11 cm −2 for S 4 .
For characterization, the samples were put on the cold finger of a helium cryostat. I-V curves are measured at 23K, while noise and responsivity are measured at liquid nitrogen temperature. All the acquisitions of the I-V curves have been conducted with the following process. After switching bias, we let the system rest for 1s, to reach steady state, then average three acquisitions of the current. Thus we perform only steady state measurements. Current measurements were performed using a Keithley 6487 pico-ammeter. I −V curves under illumination were acquired while the detector was exposed to 50°C blackbody radiation. The spectral measurements were made with a Nicolet Avatar 360 FTIR spectrometer (with a 0.64 cm.s −1 modulation speed and averaged over 128 spectra corresponding to 3 minutes of acquisition). The noise measurements were obtained after magnification (using pre-amplifier Princeton Applied Research model 181 and an amplifier Stanford research system SR560) via a Stanford SR760 spectrum analyzer.
III. DISCUSSION

A. Effect on the Dark Transport
The dark I −V curve of the sample S 1 is shown in figure 1 . We can split this curve into three different zones. An initial, mostly ohmic growth, in the 0 to 0.5V range of bias, includes a large NDR, which is attributed to a contact effect. Similar effect has been observed in tunnel resonant diode [12] . Then there is a plateau between 0.7V and 4V, with sawtooth patterns. The inset A 1 is zoomed in on this plateau area. Above 4V, the I −V restarts to rise monotically. The number of sawtooths is close to the number of periods, but stays lower by two or three units depending on the growth. This discrepancy can be 0018-9197/$31.00 © 2012 IEEE 2-1.6-V bias. Inset A 2 is for sample S 2 , which has a thinner barrier. Inset B 1 is for sample S 3 , which has a 17-μm peak response. Inset B 2 is for sample S 4 , which has two times higher doping.
explained by including growth irregularity [13] , [14] or edge effect.
Briefly, the origin of the sawtooth pattern can be understood by the combination of three equations, describing charge conservation, the Poisson equation and the local I −V or J −F curve. For modeling we use the equation given by Amann et al. in reference [15] . The NDR in the local (i.e. over a single barrier) J −F curve results in two electric fields giving the same current. By increasing the bias, a well can switch from the low electric field regime to the high electric field regime. This change comes with an excess or deficit of charge at the transition. Finally, the sawtooth results from this excess (or deficit) charge zone moving through the superlattice [15] .
Changing the barrier size from 20 to 15 nm, we observe a change in the sub-pattern inside the sawtooth, compare insets A 1 and A 2 of figure 1. The presence of NDR in the sub pattern is not understood at the moment. The change of the current density level is well explained into a sequential tunneling approach [9] by the change of coupling between adjacent well. Sawtooth patterns are observed on a large range of QWIP detecting at very different wavelength, with a 17μm peak wavelength device S 3 also exhibiting them; see figure 1 inset B 1 . Finally, we observe that by increasing the doping by a factor of two in sample S 4 relative to S 3 , the sawtooth pattern disappears, see inset B 2 of figure 1. We attribute this lack of sawtooth pattern in the highly doped device to the reduction of the peak-valley ratio in the local J −F curve due to the increase of the valley current. In fact the valley current is dominating by non-resonant term [9] , [12] and higher impurity content can explain a greater scattering rate and current.
B. Effect on Noise Density
Not only does the sawtooth pattern affect the dark current, but also the noise and the responsivity. Noise current spectral density is plotted on figure 2 for sample S 2 . The noise spectral density presented here consists of an average of 1024 spectra around 8kHz. Between each change of bias we wait for the system to reach the stationary state. The current is plotted as well for comparison. The noise exhibits the sawtooth pattern for the same bias as the current. On the noise density curve, we observe some noise excess [16] (sharp peak) at the transition between two sawtooth branches. This could be due to fluctuations of the charge distribution between the two configurations just at the transition bias. Apart from these sharp peaks, the sample exhibits a white noise behavior in the 1kHz to 100kHz range.
The usual model for noise in QWIP is the generationrecombination (GR) noise associated with tunneling transport, which is a shot noise [17] , [18] , whose magnitude is expected to follow the law N S D G R = √ 4eg I , where e is the elementary charge, g the noise gain, and I the current through the pixel. Beck [17] has predicted that in the case where tunneling transport prevails, the gain can be written as g = where R d is the differential resistance which can be evaluated by differentiating the I −V curve. The plot of the Johnson and shot noise as a function of bias is given in figure 2 . These modeled noises effectively present sawtooth patterns and sharp peaks at the transitions between the latter. Nevertheless, and even by adding those two sources of noise, the modeled noise level is lower than the experimental noise by at least a factor three. This noise enhancement comes from an additional source of noise. From the literature it may result from a coherent effect over more than one period [18] or from a recharging time due to the domain field formation [19] .
C. Effect on Photo-Response
Finally, we study the effects of the sawtooth pattern on the responsivity. We operate the QWIP in a regime of photon flux where the dark current is still prevailing. Photocurrent has already been used as a probe for electric field domains in superlattices [20] , but no work is focused on the detection properties. Indeed, as with the dark current and noise, the responsivity also shows the sawtooth patterns. The integrated response of the spectrum (R int = λ R(λ, V ) · dλ with R the spectral response) is plotted in figure 3 (a) for sample S 1 . The curve has a sawtooth pattern, but with a reverse slope compared to the dark current. Due to this reverse slope, the detectivity value at the bottom of a current sawtooth is higher than the detectivity value at the top of the previous one. We also observe the rise of the base line with the bias which is due to the fact that the number of periods in the high electric field domain increases; and in a higher electric field the quantum well has a higher extraction probability for the photo-excited carriers. The change of sawtooth pattern is also concomitant with a change of the spectral response, see figure 3 (b) . At a bias where the current jumps, the high energy part of the spectrum is reduced, but we have no clear explanation for this feature.
To model this response we consider the response of the detector as the product of the gain of the structure (taken constant and equal to 0.25), the probability p e of emission of the well given by the WKB approximation, and the absorption α of each well
with e the elementary charge, λ the peak wavelength, h the Planck's constant and c the speed of light. Following reference [21] , the absorption of a single well is given by:
With n the charge of well [i] , n opt is the optical index of refraction (taken equal to 3.3 in GaAs), Z the dipole element evaluated using a kp code.
is the ratio of the absorbable electromagnetic field over the incident electromagnetic field, obtained from an exponential fit of the electromagnetic field profile calculated by a finite difference method [22] , E 12 = E 2 − E 1 the transition energy between the ground state and the first excited state, and =5 meV is the full width at half maximum of the photonic transition which is expected to have a lorentzian shape. Results of the simulation are given in the inset of figure 3(a) . We are able to reproduce both the sawtooth pattern of the dark current and the photoresponse, with their opposed slopes. The reverse slope results from the fact that the response is driven by the product
. This product is almost constant over the structure except over the well at the boundary of the electric field domains. In this well the product decreases when the bias rises. However such a simple model leads to discrepancies on the absolute values of photocurrent.
It is interesting to note the effect of the sawtooth pattern on the detectivity. Transitions between different sawtooth patterns occur over a bias change of less than 200μV, which is smaller than the bias uniformity of most read out circuits. Thus, different pixels of a focal plane array may operate under different electric field distributions. Under low photon flux the resulting variation of detectivity can be as high as 30% for a flux of 10 15 photons·s −1 ·cm −2 . These values give the upper limit for the non-uniformity of the focal plane array in this regime.
IV. CONCLUSION
To conclude, we have demonstrated that sawtooth patterns are seen not only in the current but also the noise and responsivity of QWIP when the transport is tunnelling limited in the presence of electric field domains. Thus, noise and photoresponse can be used as a probe in multistable or chaotic systems, in addition to regular dark transport measurements. Moreover we have shown that the presence of these sawtooth patterns affects the imaging performance in the low photon flux regime. Different strategies may be followed to avoid such sawtooth patterns, including increasing the doping level or the barrier length, increasing the operating temperature to reach the thermally activated regime, or operating under large enough photon flux to suppress the dark current effects.
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